Polymerization of actin filaments is necessary for
In contrast, comet tails have been variously described as consisting of short, randomly oriented filaments [7], with a higher degree of alignment at
Photoactivation experiments have shown that fiducial the periphery [8], or as containing long, straight axial marks placed on the actin polymer of comet tails inside filaments with a small number of oblique filaments infected cells remain stationary with respect to the host
. Because the assembly of pathogen-associated cell while the bacterium advances, and these results sugcomet tails has been used as a model system for gest that actin polymerization occurs exclusively at the lamellipodial protrusion, it is important to resolve bacterial surface [13] . To obtain direct evidence for the this apparent discrepancy. Here, using a platinum site of actin polymerization in tails associated with ActAreplica approach, we show that actin filament arrays coated beads in cytoplasmic extracts, we used the recently lamellipodia appear to share a common dendritic nucleation mechanism for protrusive motility. However, comet tails differ from lamellipodia in that their actin filaments are usually twisted and appear to be under significant torsional stress. extracts. Beads with a 0.2 m diameter formed tails and moved over a broad range of conditions, though more slowly than did 0.5 m beads (Figure 1 ). Decreasing the density of ActA surface coating from the optimal 37.5%
[11] down to 3% had little effect on average speed ( Figure  1 ). However, structurally these tails and clouds were sparser and allowed for better visualization of actin filament organization (Figure 3e ). The number of filaments contacting the bead surface as well as the filament density along the tail varied widely, and this finding is consistent with the theoretical predictions of fluctuation behavior previously reported for bead-tail association [12] . At suboptimal ActA concentrations, often fewer than 10 filaments from the tail contacted the surface of 0.2 m beads (Figure 3e ), but this seemed sufficient for motility.
For the smallest beads tested, which were 0.05 m in diameter, we could not observe persistent motility and
Fluorescence speckle microscopy of comet tails. We incubated 0.5 m beads with 37% of their surface area coated with ActA in fulltherefore could not measure average speed. In EM prepastrength Xenopus egg extract in the presence of trace amounts of rations, these beads were never seen with more than one rhodamine-actin to obtain a speckled pattern of tail labeling. The filament attached (Figure 3f ). Many beads were devoid of time sequence shows movement of a bead in the rhodamine channel.
filaments, and many branched filament assemblies lacked
The formation of new speckles only at the front of the tail indicates that actin filament assembly is restricted to the bead-tail interface.
beads (not shown), both of which suggest that filaments
Speckles remain stationary while the bead is moving. Colored arrows were nucleated at the bead surface but were subsequently point to individual actin speckles, with the same color referring to the detached. This is consistent with the hypothesis that the cycles of association and dissociation. A bead with only one filament could easily lose it and therefore not move regularly, whereas the many crosslinked filaments of introduced speckle microscopy technique [14, 15] . When larger beads ensure a more stable association and persiscomet tails were assembled on 0.5 m ActA-coated beads tent movement. in the presence of trace amounts of rhodamine-actin, new actin speckles appeared only at the tail-bead interface as the bead advanced and, once formed, the speckles remained Y-junctions between actin filaments in sparse tails were clearly seen near the bead surface and throughout the stationary with respect to the substratum (Figure 2 ). The speckle pattern within the tail did not change significantly tail, and long, axial, nonbranching filaments were not ob- that branch formation occurred near the barbed end as in the observations of Pantaloni et al. [16] . In our system, Electron microscopy (EM) of comet tails under these conditions (Figure 3a) , as well as EM of bacterial tails however, branching at the barbed end may be explained simply by restriction of activation of the Arp2/3 complex (see Supplementary material), revealed dense arrays of actin filaments. Dilution of the extract to 40% did not by ActA, which is localized at the bead surface. This is consistent with biochemical evidence showing that ActA significantly change the overall structure of tails. The superposition of filaments precluded clear visualization stimulates Arp2/3 nucleation of actin polymerization [17, 18] . However, Y-junctions were also often highly asymof their organization in the tail core. However, Y-junctions between actin filaments were consistently observed in metric, with branches differing in length (Figure 4e ), and this observation suggests that capping activity terminated sparser regions, including on the surface of the bead away from where the tail emerged ( Figure 3b ) and at the sides the elongation of barbed ends. Some filaments appeared kinked at approximately 110Њ (supplementary angle to ( Figure 3c ) and rear (Figure 3d ) of the tails. 70Њ) (Figure 4e ,i), which suggests that capping of a parental filament could occur shortly after nucleation of a daughTo gain insight into the structure of the tail core, we used smaller beads, lower ActA densities, and more-diluted ter filament. Actin clouds, which were always present in To distinguish such Y-junctions from other kinds of junctions formed by crosslinks after nucleation, we analyzed filament polarity by decorating actin filaments with myosin subfragment 1 (S1) and showed that Y-junctions had pointed ends at the junction and barbed ends facing away from the junction (Figure 4h -j). This finding is consistent with the prediction of the dendritic nucleation model. Although these pointed-end-to-side Y-junctions were the most abundant crosslinks between actin filaments in tails and clouds, barbed-end-to-side ( Figure 4j ) and side-to-side junctions (not shown) were also observed. Even in the absence of a polarity marker, the existence of these crosslinks could be deduced from the formation of closed loops of actin filaments (Figure 4f,g ). Such junctions indicate the presence in the comet tail of crosslinking molecules other than the Arp2/3 complex, such as ␣-actinin [20].
A striking feature of clouds and tails associated with ActAcoated beads was the twisted appearance of the actin filaments. The persistence length for a filament of pure actin is approximately 10 m [21], and they break at a radius of curvature of less than 180 nm [22] . However, many filaments in tails appeared curved or twisted over distances less than 1 m, with some showing curvature of less than 50 nm (e.g., Figure 4f ,g). Although we cannot exclude that some twisting may have resulted from sample preparation, we note that free filaments or filaments having just one point of interaction with another filament were usually straight, whereas twisted filaments were usually restrained by at least two crosslinks (Figure 4f,g ). These observations suggest that twisting is a consequence of a force applied to crosslinked filaments. One possible origin of the force that causes twisting may be the binding energy of ADF/cofilin, which is known to change the intrinsic twist of actin filaments [23] and may also change its mechanical properties. Torsional stress operating on a mechanism for protrusive motility [10] . The simple kinetic properties of comet tails in combination with their filament constrained at both ends would be expected to cause writhing of the filament and result in deformations defined structure permit a further evaluation of actin polymerization-driven motility. The fluorescence speckle misuch as we observe.
croscopy assay demonstrates that moving comet tails assemble actin filaments only at the bead-tail interface, The twisted nature of the filaments may explain the disparity between our observations and previous reports usand this result is in agreement with conclusions drawn previously from photoactivation analysis [13] . A conseing thin-section EM. In thin sections, a dendritic and twisted structure would produce images of short, ranquence of this property is that the spatial organization of the tail reflects the kinetics of actin assembly and theredomly oriented filaments, as has been reported [7, 8] . The parallel axial filaments reported by Sechi et al. [9] fore permits us to infer the age of a structural element from its position within the tail, the youngest structures are definitely distinct from our observations, but these may be characteristic only of comet tails that have probeing located next to the bead or bacterium and the older structures being located progressively farther away along truded substantially beyond the cellular surface and are in contact with the plasma membrane all along their the tail. Conservation of the dendritic structure throughout the length of the tail, therefore, implies continuous length. Such protrusions have different protein composition from that of intracellular tails [9] , and the actin filanucleation of new filaments at the bead surface. Since barbed filament ends arise only at the bead-tail interface, ment half life is more than 10-fold longer than the half life in intracellular tails [24] .
the abundance of apparently free barbed ends throughout the tail suggests both the continuous release of the barbed ends of filaments from the bead surface and their capping. Our observations of comet tails associated with ActABoth characteristics are predicted by the array treadmilling coated beads demonstrate significant similarity at the sumodel [3] but have not been previously demonstrated pramolecular level with the structure of lamellipodia in experimentally. three distinct ways: dendritic organization of comet tails, localization of the Arp2/3 complex to branch points, and pointed-end-to-side polarity of Y-junctions. These struc-
The observation that a small number of actin filaments interacts with the bead surface at any one time suggests tural features are consistent with the hypothesis that comet tails, like lamellipodia, use a dendritic nucleation that only a few working filaments are needed to generate the force required for motility. Consistent with this obser-
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vation, significant reduction of ActA density on the bead surface and the concomitant reduction of actin filament density in the tail did not substantially affect the rate of model for force generation by actin polymerization [25] 3. Borisy GG, Svitkina TM: Actin machinery: pushing the envelope. suggest that a dendritic nucleation mechanism is responsi- out during this procedure, many tails remained attached to the coverslip.
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Coverslips were washed with XB, fixed with 2% glutaraldehyde, and complex by the Listeria ActA protein: ActA binds two actin processed for EM as described [26] . Immunostaining for the Arp2/3 monomers and three subunits of the Arp2/3 complex. J Biol complex [10] and S1 decoration [26] were done as described. 
